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1. Introduction 


Evolution of CO, from soil has been used successfully as a relative measure for suil 
metabolism. In particular soil microbiologists have viewed this “soil respiration" as a 
direct estimate of microbial activity in the soil, in the laboratory as well as in the field 
In fact, however, the rate of CO, evolution from soil reflects only metabolic activity wiih 
CO, as end product. Soil fauna, microbes, algae and roots of higher plants all produce 
СО, and the relative contribution of the microflora to total CO, evolution is uncertain. 
Estimates of the contribution of root respiration to total CO, evolution run from insienili 
cant (FEHÉR 1933) and one-third (LUNDEGARDH 1927) to half (WiaNT 19670) and more 
than two-thirds (Теврах 1920). 

The annual evolution of CO, carbon from soil should approximate the annual carbon 
input by primary producers plus their carbon output in root respiration, providing that 
there is no appreciable change in carbon content of the organic and mineral soil, and 
that eventually, as a result of decomposition by fauna and microflora, all carbon is meta 
bolized to CO,. These provisions may be realized in mature temperate and tropical forest- 
and grasslands on well-aerated soils. 

Annual CO, production varies only slightly from year to year (Wirkamp 1966h). 
In contrast there are short term rate changes of one to two orders of magnitude. These 
changes may be seasonal as a result of changes in temperature, moisture, and litter conipo- 
sition (Doveras and Teprow 1959, Fenér 1933; Wirkamp 19662); diurnal, also caused 
by temperature changes (Wirkamp 1969); or irregular and primarily weather induced, 
The latter changes may result from heavy rainfall displacing soil air (Hv BER 1950): 
wetting and drying, freezing and thawing cycles (Bırcn 1958, ГенЕк 1933); and changes 
in barometric pressure (FARRELL et al. 1966), wind velocity (WraxT 1964) and water table 
(YasTREBOV 1958). 

Rates of СО, evolution as reported in the literature are affected not only by the annual 
litter and respiration input, and by the seasonal, diurnal, and weather fluctuations, but 
also by the method of measuring. The two main methods to measure the rate of CO: 
evolution from soil are the static method and the dynamic method. In the static method 
а known area and a vessel of СО, absorbent are covered by a box or bell for a known 
period after which the absorbed CO, is measured. In the dynamic method air samples 
are drawn at a known rate from a known area through a CO, absorbent or an infrared 
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CO, analyzer. The volume of CO, in the Sampled air is an estimate of CO, evolution. 
Both methods tend to overestimate the rate of CO, evolution (REINERS 1968; WIANT 
19670; WirKAMP 1966b); the static method because reduced CO, pressure around the 
absorbent hastens diffusion; the dynamic method because pumping air over the soil 
draws soil air rich in CO, to the surface and subsequently to the absorbent or CO, analyzer. 

The preceding discussion indicates that rates of CO, evolution from the soil may be 
completely unrelated to rates of СО, production in the soil. We designed an experiment 
to provide as true a measure of CO, evolution from soil as possible and at the same time 
to obtain an insight in the dynamies of CO, in the profile; in the relationship between 
CO, evolution and CO, production; and in the contribution of the various profile layers 
and root respiration to the total amount of CO, evolved. True measurement of CO, evo- 
lution was pursued by preventing interference with СО, evolution. We used undisturbed 
forest soil under a most gentle (~ 1 cm/min) flow of air combined with sensitive infrared 
CO, analysis. The relationship between temperatures and rates of CO, evolution from 
each profile layer over a 24-hr period furnished insight into the CO, dynamies in the profile. 
The 24-hr period was chosen in a stable weather pattern, on a windless and cloudless day 
with adequate soil moisture for biological activity. Thus atmospheric pressure, air move- 
ment, and soil moisture were near constant. This left the diurnal temperature cycle as the 
major variable. The relationship between CO, production and temperature is well esta- 
blished (REıners 1968; Wıant 19670; Wirkamp 19662). Consequently an estimate of the 
rate of CO, production in time could be obtained for each layer. By relating these produc- 
tion estimates to the measured rates of CO, evolution a picture of CO, dynamics in the 
profile could be constructed. 

An estimate of the contribution of root respiration to total respiration was obtained 
hv relating root ditribution to CO, production in the profile. 


2. Materials and methods 


The site of measurement was in a second growth pine stand on Haw Ridge at the U.S. 
АЕС Oak Ridge Reservation. The stand consisted primarily of forty-year-old Pinus 
echinata Мил,. with a thin understory of dogwood (Cornus florida L.). The floor was 
covered by a 1.5 ст thick laver of litter, overlaying 1 ст of amorphus humus and a 
Montevallo silt loam subsoil with depths between 20 and 30 em above shale. 

Air was drawn at a rate of ~1 em/min from just above the forest floor through each of 
six clear plastic boxes (36 х 20 em, 15 em high) each with a membrane pump and a drying 
tube with CaSO, to an automatic channel selector and then through a Beckman ТВ 215 
infrared CO, analyzer (Fig. 1). Each box discharged into the IR 215 for 5 minutes every 
20 minutes while air from the other boxes was vented through a flow meter into the 
atmosphere. The IR 215 was calibrated so that it would record CO, content of the sampled 
air in ppm. The recording accuracy was 3 ppm on a scale from 0 to 1000 ppm. 

Two channels drew surface air; two boxes contained litter only; two boxes contained 
litter and humus; two boxes had their bottoms eut out as to receive CO, evolving from the 
entire profile. АП layers inside the boxes retained their natural position and depth. The 
boxes were sunk into the floor so that their litter was level with the outside litter. Along 
with CO, concentrations temperatures in the surface air at 10 em, litter, humus, and 
subsoil at 5 em were measured using two thermistors at each level in between the boxes. 
MI temperatures were recorded every minute using a Leeds and Northrup multiple point 
plotter. Concentration of CO, and temperatures were recorded for a ten-day period (Oct. 5 
tu 15). Each day the drying tubes were renewed and flow rates of the pumps were checked. 
The 24-hr period from midnight till midnight October 12, 1967, was characterized by a 
pronounced and symmetrical temperature cycle and cloudless, stable weather. The latter 
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Figure 1. Equipment used to measure CO, evolution from the forest floor. 


Рис. 1. Установка для измерения выделения CO, из лесного яруса. 


was indicated by 17 hrs of temperature inversion recorded during that day at Oak Ridge 
National Laboratory. 

The rate of CO, evolution in each box was calculated from the increase in CO, concen- 
tration in air during passage through the box (ppm), the area covered (720 cm?), the air 
volume of the box (6 to 9 1), and the volume of air passing through the box (200 ml/min). 
The evolution of CO, from individual layers was calculated as the difference between 
evolution from a profile including that layer and the next shallower profile without that 
layer. 


3. Results 


Temperature fluctuations during the 24-hr test period were quite regular with a night- 
time minimum and daytime maximum. The amplitude of the fluctuation decreased from 
17 °С in air (Fig. 2a) to less than 2 °С in the mineral soil (Fig. 2d). The time-lag between 
the corresponding maxima was about three hours. 
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Figure 2. a. Concentrations 
of CO, and temperatures at 
the litter surface in a pine 
stand; b, c, and d. Rates of 
UO, evolution and tempera- 
tures of litter, humus, and 
mineral soil, respectively, in 
the same pine stand. 


Рис. 2. а. Концентрации 
ГО, и температуры на по- 
перхпости подстилки в 
сосновом насаждении. b, с. 
Скорость выделения CO, 
и температуры подстилки, 
гумуса и минеральной по- 
"HM соответственно в TOM 
^6 сосновом насаждении. 
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The CO; concentrations in the air that was drawn into the boxes also fluctuated ree, 
larly during the test period. In contrast to air temperature there was a daytime minimum 
and a nighttime maximum of CO, in air (Fig. За). 

The rate of CO, evolution from the litter only (Fig. 2b) showed a daily eycle with ан 
afternoon high and a nighttime minimum. This resulted in a significant (P - 1", 
correlation (r — 0.92, n — 29) between litter respiration and litter temperature. 

The daily cycle in rates of CO, evolution from the humus layer was in complete сон 
trast with that of the litter. Evolution rates from humus were lowest during the afternoon 
when rates were negative (Fig. 2c) indicating a net influx of CO, from other layers. 

Rates of CO, evolution in the mineral soil also were lowest during the afternoon high 
of evolution and temperature in the litter. Evolution rates in mineral soil, however. 
remained positive throughout the 24-hr period (Fig. 2d). 

During the night and early morning temperatures and rates of CO, evolution in all 
three profile lavers were rather constant. In this period litter, humus, and subsoil contri- 
buted an average of 5, 9 and 31 m//m? - hr. Corresponding daily average rates were 13.9. 
7.8 and 27.4 м/т? - hr. Consequently, the daily average for the entire profile was 49.1 1/ 
m? - hr. The nightly rate for the entire profile (45 m//m? - hr) was only about 10°, below 
the daily average. Presumable accumulation of CO, in humus and sub-soil during tlie 
afternoon was vented during the night, possibly aided by low CO, production and tempe 
ratures in the litter layer. 

The entire profile rates varied between 43 and 52 ml CO,/m?- hr and were highly 
correlated (г = 0.87, n = 29) with litter temperatures. The average rate of CO, evolution 
of 49 m//m? - hr over the 24-hr period could be equated to the average rate of CO, pro- 
duction by the soil biota, assuming that the masses of CO, in the forest floor at the be- 
ginning and the termination of the test were equal. This assumption is supported bv the 
symmetry of the daily evolution cycles. The average surface air temperature was 12.0 “C. 
Summer and winter means of air temperature at Oak Ridge are 24.3 and 5.3 °C, respec- 
tively. Assuming an annual sinusoidal temperature cycle between 24.3 and 5.3 ^C and 
а Qio = 2 for soil metabolism (DroBnik 1962, Wianr 1967c) and using an unpublished 
table of “Effective temperatures for the introduction of Оо with a sinusoidal cycle in 
temperature” by К. B. WırLıans, the mean annual rate of CO, evolution appeared to be 
64.5 m//m? - hr. Annual release of C in CO, then would equal 303 g/m?. 


4. Discussion 


The daily cycle of СО, concentration in surface air under a vegetation cover is well 
documented (Huser 1950; Милек and. Возсн 1960; Мохтетги et al. 1964; Тамм and 
Knzvscn 1959). During the warm, sunny, and windless daytime photosynthesis gradually 
decreased CO, concentrations in the stand until a minimum was reached in the afternoon. 
During the temperature inversion at night respiration by forest floor biota and the vege- 
tation caused CO, accumulation until photosynthesis resumed after sunrise. Thus CO. 
concentrations in air were primarily determined by photosynthesis. 

In contrast the daily cycle of rates of СО, evolution from litter appeared primarily 
affected by temperature. Because the litter was free of roots, and the shallow layer provi- 
ded rapid exchange of CO, with the air the measured rates of evolution presumably are an 
immediate reflection of CO, production in litter. This presumption is supported by the 
coincidence of temperature and CO, evolution maxima. The close correlation between 
temperature and CO, evolution from litter has been established before (REINERS 1968; 
Wirkamp 19662, 1969). 

Negative evolution or influx of СО, into the humus layer during the period of greatest 
CO, evolution from the litter layer suggests a temporary downward diffusion of CO, from 
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litter into humus. The presumed explosion of CO; production in litter at that time may 
reverse the normally upward decreasing CO, gradient in the forest floor. Subsequent 
downward diffusion of CO, from litter to humus and increased CO, production in the hu- 
mus as a response to the increased humus temperatures would result in CO, accumulation. 
Increasing CO, concentrations in humus and declining rates of CO, production would 
rapidly restore diffusion of CO, from humus to litter later in the afternoon. 

The afternoon minimum in CO, evolution from the inorganic soil could be explained 
similarly to that in humus. Evolution of CO, from inorganic soil to humus, however, 
remained positive at all times. Apparently there was a leveling but no inversion of the 
CO, gradient between humus and sub-soil. Presumably the relatively small increase in after- 
noon temperature and subsequent CO, production in humus, and the relatively constant 
and high rate of CO, production in the sub-soil as indicated by the temperature cycle 
and the average rate of CO, evolution resulted in constantly higher CO; concentrations in 
the sub-soil than in humus. 

Thus the daily cycle of CO, concentration in the stand appeared to be governed 
by photosynthesis. The cycle of CO, evolution from the litter layer was primarily related 
to its temperature and presumably the CO, production by its biota. Evolution from humus 
and sub-soil appeared to be greatly affected by the rate of СО, produetion in the litter. 

Root respiration in our test would come from sub-soil because this was the only layer 
containing roots. The subsoil contributed 56°, of the CO, that evolved from the forest 
floor. Thus it may be safe to say that root respiration accounted for less than half of the 
forest floor respiration during this particular day. This estimate agrees with recent measure- 
ments by WraxT (1967a). 

The calculated annual release of 303 g C/m? in CO, is equivalent to the CO, released 
hy complete oxidation of 570 g freshly fallen litter containing 53%, of C (LuxT 1931). 
A 2-vear average of litter deposition in the stand was 510 g/m? (Orsow et al. 1963). Most 
data Гог CO, evolution in the literature greatly exceed the equivalent of litter deposition 
( WiaxT 1967b; Wırkamp 19662, b; Reiners 1968). The reason for the apparently more 
realistic rates of CO, evolution in the present report presumably is the combination of 
virtually undisturbed samples under near natural conditions, a slow rate of pumping, 
and the use of infrared CO, analysis. As a result there was little or no enhancement of the 
rate of CO, evolution from the floor. 


5. Conclusions 


Relatively low and apparently true rates of CO, evolution from the forest floor were 
measured by using little disturbed samples under natural conditions in combination with 
slow flow infrared gas analysis. 

А calculated annual CO, evolution from the forest floor only exceeded the volume that 
could evolve from complete oxidation of the local litter deposition by twelve percent. 

An insight into СО, dynamics in soil can be obtained from repeated measurement of 
UO, evolution from profiles of increasing depth over a period of 24 hrs under stable 
weather conditions. 

There were distinet daily cycles in the rates of CO, evolution from the three profile 
layers. The contribution of each layer to total CO, evolution varied greatly during the 

‚24-Iır period. 

| Only the rate of CO, evolution from the litter layer appeared to reflect its daily cycle 
in rates of CO, production. Evolution rates from humus and subsoil were assumed to be 
controlled by CO, gradients in the profile. 

As an apparent result of explosive afternoon CO, production in the litter layer there 
i a temporary inversion of the CO, gradient in the soil profile resulting in a downward 
Hux of COs. 
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Daily rates of CO, evolution from the three profile layers were accepted as measures 
of the daily rates of CO, production in these layers. The average contributions of litter- 
humus and subsoil were 28.3 %,, 15.8 %,. and 55.8%, of the total evolution of CO, from the 
forest floor, respectivelv. 

Because all roots were located in the subsoil, the contribution of root respiration to 
total forest floor respiration is assumed to be not greater than 50%. 


6. Summary 


Evolution of CO, from the floor of a pine stand was calculated from the rate of CO, increase in 
air before and after passage over profile sections of different depth. The contribution of a profil: 
layer to total respiration was calculated as the difference between CO, evolution from profiles with 
and without that layer. Concentrations of CO, were measured for a 24-hr period using slow air 
flow (~ 1 em/min) over the floor, automatic sample selection, and infrared gas analysis. The 
resulting curves for CO, evolution rates of litter, humus, and subsoil showed that the daily cycle 
of CO, evolution from litter was highly correlated with the temperature cycle. During periods 
of high CO, production and temperature in the afternoon some CO, from litter appeared to diffuse 
downward into the humus, and to block CO, evolution from the subsoil. During the night the 
accumulated CO, in subsoil and humus appeared to move to the surface possibly aided by low 
CO, evolution and temperatures in the litter. Downward movement of some CO, during the dav 
and enhanced upward movement at night resulted in a rather constant rate of CO, evolution from 
the entire profile over the 24-hr period. During this time, litter, humus, and subsoil contributed 
28, 16, and 56%, of total soil respiration, respectively. Respiration by roots which occurred in the 
subsoil only appeared to account for not more than 50% of the total soil respiration. The method 
of measuring yields rates of CO, evolution that agree with the annual input of organic matter to 
the floor. 


6. Zusammeníassung 


Die Freisetzung von CO, vom Boden eines Kiefernbestandes wurde aus der CO,-Zunahme in 
der Luft vor und nach der Passage über Profilausschnitte von verschiedenen Tiefen berechnet. 
Der Anteil einer Profil-Schicht aus der Total-Respiration wurde als die Differenz zwischen CO,- 
Entwicklung von Profilen mit und ohne diese Schicht berechnet. Die Konzentrationen von CO, 
wurden in einer 24-Stunden-Periode mit Hilfe der Infrarot-Gasanalyse eines über die Bodeu- 
oberfläche geleiteten langsamen Luftstromes (~1 ml/min), bei automatischer Probenauswalil, 
gemessen. Die für die Raten der CO,-Entwicklung ermittelten Kurven von Streu, Humus und 
Unterboden zeigten, daß der tägliche Zyklus der CO,-Ausscheidung von Streu in hohem Майе 
mit dem Temperaturgang korreliert war. Während der Perioden hoher CO,-Produktion und 
(hoher) Temperatur am Nachmittag, scheint ein Teil des CO, in den Humus hinab zu diffundieren 
und die CO,-Bildung im Unterboden zu blockieren. Während der Nacht steigt das akkumulierte 
CO, anscheinend aus dem Unterboden und dem Humus zur Oberfläche; möglicherweise gefördert 
durch die niedrige CO,-Bildung und die (niederen) Temperaturen in der Streu. Die Abwärtsbe- 
wegung von CO, während des Tages und die erhöhte Aufwürtsbewegung während der Nacht 
ergaben im Laufe von 24 Stunden eine ziemlich konstante Rate der CO,-Entwicklung vom 
ganzen Profil. Während dieser Zeit waren Streu, Humus und Unterboden mit 28, 16 und 56°, an 
der Gesamtatmung beteiligt. Die Wurzelatmung im Unterboden schien höchstens bis zu 50", 
zur gesamten Bodenatmung beizutragen, Die Meßmethode ergab Raten der CO,-Entwicklung, 
die mit dem jährlichen Zugang von organischen Stoffen zum Boden übereinstimmen. 


7. Literature 


Birch, H. G., 1958. The effect of soil drying on humus decomposition and nitrogen availability. 
Plant and Soil 10, 9—31. . 
Dovetas, L. A., and J. C. Е. Teprow, 1959. Organic matter decomposition rates in arctic soils. 
Soil Sci. 88, 305—312. 

Drosnik, J., 1962. The effect of temperature on soil respiration. Fol. microbiol. 7, 132—140. 

FARRELL, D. A., Е. L. GRAECEN and С. G. Gurr, 1966. Vapor transfer in soil due to air turbulence. 
Soil Sci. 102, 305—313. i 

ki o 1933. Untersuchungen über die Mikrobiologie des Waldbodens. pp. 272. Springer, 

erlin. 

Huser, B., 1950. Registrierung des CO,-Gefälles und Berechnung des CO,-Stromes über Pflanzen- 

gesellschaften mittels Ultarot-Absorptionschreiber. Ber. dt. bot. Ges. 62, 52—63. 


364 


LUNDEGÄRDH, H., 1927. Carbon dioxide evolution of soil and crop growth. Бой Sci. 23, 417—450. 

Lunt, H. A., 1931. The carbon-organic matter factor in forest soil humus. Soil Sci. 32, 27—33. 

MILLER, R., und J. Кӧѕсн, 1960. Zur Frage der Kohlensáureversorgung des Waldes. Forstwiss. 
Zentralblatt 79, 42—62. 

MonTEITH, G., К. Szeıcz and К. Улвокт, 1964. Crop photosynthesis and the flux of carbon 
dioxide below the canopy. J. appl. ecol. 1, 321—337. 

Orson, J. S., H. D. WALLER, У. C. Cate and В. M. Anderson, 1963. Components of forest litter 
fall. Health Physics Annual Progress Report. ORN L-3492. 

REINERS, W. A., 1968. Carbon dioxide evolution from the floor of three Minnesota forests. Ecology 
49, 471—483. 

Tamm, E., und С. Krzyscu, 1959. Beobachtungen des Wachstumsfaktors CO, in der Vegetations- 
zone. Z. Acker- u. Pfl.Bau. 112, 253—278 

Turpin, H. W., 1920. The carbon dioxide of the soil air. Cornell University Agric. Expt. Sta. 
Memoir 32, 315—362. 

Wiant, H. V., јг., 1964. The concentration of carbon dioxide at some forest micro-sites. J. Forest. 
63, 817—819. 

— 1967a. Contribution of roots to forest “soil respiration". Advancing Frontiers of Plant Sci. 
18, 136—138. 

— 1967b. Has the contribution of litter decay to forest ‘soil respiration’: been overestimated ? 
J. Forestry 65, 408—409. 

— 1967c. Influence of temperature on the rate of soil respiration. J. Forest. 65, 489—490. 

Wirkamp, M., 19662. Decomposition of leaf litter in relation to environment, microflora, and 
microbial respiration. Ecology 47, 194—201. 

— 1966b. Rates of carbon dioxide evolution from the forest floor. Ecology 47, 492—494. 

— 1969. Daily cycles in soil respiration. Ecology (submitted). 

Үлѕткевоу, M. T., 1958. Effect of the major biological factors on air composition of alluvial soils 
in the Klyaz’ma river flood plain. Soviet Soil Sci. 1155—1162. 


Address of the authors: Martin Witkamp and Marityn L. Frank, Radiation Ecology Section, 
Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 


365 


